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\  An  invtutlgjffon  of  the  possibility  of  using  a 

iAbvttO 

graphite  heater  as  a  basis  for  a  air  heatii..'  :ievico^iwii  sIwKe 


that  th^  three  most  promising  materials  to  coat  the  graphite^ 
Doron  nitride,  hafnium  carbide,  and  zirconium  carbide,  were 
not  satisfactory.  Other  methods  for  heating  air  are  suggested; 
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For  the  pait  thro*  '/itar*,  the  Gas  Dynamics  Laboratory 
of  Princeton  University,  has  b9*n  developing  and  using  graphite 
resistance  heaters  with  nitrogen,  to  obtain  the  high  temperature* 
at  high  pressures  required  to  drive  hypersonic  wind  tunnels.  The 
basic  Ideas  and  varied  developments  of  this  heater  are  detailed 
In  references  I  -  4,  The  concept  of  the  heater  Is  quite  simple. 
If  a  non-oxidlzlng  gas  Is  to  be  heated,  several  materials  have 
the  ability  of  withstanding  ♦he  high  temperature  and,  at  the  same 
time,  have  characteristics  which  permit  easy  resistance  heating. 
Graphite  is  one  such  material,  and  the  heater  designs  have  been 
concerned  with  the  detailed  geometry  and  material  of  which  these 
heaters  have  been  built.  Specific  attention  has  been  placed  on 
the  deve|opi7'.»nt  of  a  graphite  heater  for  nitrogen  (which  closely 
simulates  air  in  it's  fluid  mechanical  characteristics).  The 
early  heaters  were  made  of  a  type  of  graphite  known  as  ATJ  and, 
because  of  the  porosity  and  impurity  problems  associated  with 
this  typo  of  graphite,  were  provided  wltn  a  pyrolytic  v-^por 
deposited  graphite  coating.  The  graphite  element  of  the  general 
geometry  shown  in  Figure  I,  with  such  pyrolytic  coatings,  proved 
quite  satisfactory  for  performance  up  to  about  lOOO  lbs.  per 
square  inch  and  temperatures  of  the  order  of  SOOCP  Fahrenheit. 

in  the  last  year  or  two  however,  there  have  been 
considerable  improvements  in  the  types  of  graphite  available. 

The  newer  specimens  were  denser  and  purer,  in  the  configura¬ 
tions  now  In  use,  ZTA  graphite  is  used  directly  with  no  coatings 
and  has  provided  very  satisfactory  operation  at  pressures  of 
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5000  lbs.  p»r  «quar*  Inch  and  tnmperaturaf  ad  hlyh  ad  5700^  Fahron- 
halt.  Tha  baafard  provirfa  oparatlon  at  thaaa  alovatod  tomparaturas 
and  preddurad  for  nany  bourd  with  tal lurad  primarily  tracoabla  to 
wither  very  amall  Impurltled  !n  the  outer  shell/  which  slowly  sub¬ 
limes  and  permits  leakage  of  the  gas  to  by-pass  th#  heater/  or  to 
mechanical  handling  of  the  heater  during  Inspection  periods.  The 
heaters  have  been  quite  adequate  for  high  Mach  number  testing  In 
a  range  not  haretofor  available  In  continuous  facilities/  with 
non-contamlnatod  gas  streams. 

PUyOSE  AH)  SCOPE  OF  PRESENT  STTCY 
The  main  purpose  of  the  subject  study  was  an  attempt 
to  extend  the  techniques  outlined  above  to  heating  air  with  it's 
problems  of  oxidation.  The  graphite  heater  can  not  be  used  direct¬ 
ly,  since  at  the  temperatures  desired,  graphite  would  burn  in  air. 
The  first  part  of  the  present  program  was  a  study  of  the  feasibility 
of  two  methods  which  had  been  conceived  during  the  work  on  the 
graphite-nitrogen  development. 

CX5DAT1CM  RESISTANT  CCATINTSS  FOR  S^APHITE 

Cite  approach  was  an  attempt  to  use  the  basic  graphite 
heater  as  the  key  element,  but  to  protect  the  graphite  from  the 
oxygen  In  the  air.  This  approach  had  several  Inherent  advantjges. 
The  graphite  itself  is  cheap,  easy  to  fabricate,  and  has  excellent 
electrical  characteristics  for  a  resistance  heater.  Graphite  at 
high  temperature  is  relatively  strong  and  shock  resistant.  At  the 
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same  time,  there  are  rather  major  programs  In  the  country  devoted 
to  the  materials  problems  of  protecting  graphite  from  oxidation  In 


rockot  nozzl«».  Thor#  h/iv«  boon  sov^sl  of  (ipplyln^;  ouch 

coatings  which  havo  good  mochanical  strength  and,  on  tho  basis  of 
tho  rockot  tosts/  woro  ablo  to  protect  the  graphite  undor  vory 
severe  conditions^ 

The  application  of  this  Information  and  technique  Is 
not  straightforward.  The  rocket  development  work,  and  also 
some  work  which  has  been  associated  with  the  protection  of  nose 
cones  and  wing  leading  edges.  Is  a  problem  In  which  the  heat  ln~ 
put  Is  Into  the  graphite.  The  protective  coating  Is  exposed  to 
very  high  temperature,  while  the  graphite  Is  cooled  by  either  Its 
heat  capacity  or  other  cooling  techniques*  In  the  application 
proposed  herein,  the  heating  Is  frx>m  tho  graphite  through  the 
protective  coating  to  the  air,  that  Is,  the  heat  flows  In  the 
opposite  direction,  and  the  temperatures  within  the  graphite 
may  very  well  be  considerably  higher  then  that  In  the  protect¬ 
ive  coatings*  A  study  of  the  materials  which  have  been  used 
to  protect  graphite  and  their  methods  of  application  seemed  to 
indicate  seme  considerable  possibility  of  success  In  the  fabri¬ 
cation  and  use  of  such  coatings  for  the  graphite  heater  and 
appear  to  present  no  inherent  difficulties  with  the  following 
exceptions:  The  coatings  have  been  applied  to  rocket  nozzles 
of  rather  simple  shape  and  large  dimensions.  The  present  ap¬ 
plication  Is  to  a  rather  small,  considerably  more  complicated 
geometry,  which  involves  enclosed  passages.  Second,  although 
rather  crude  overall  tests  have  been  made  of  the  materials  used 
to  orotect  graphite,  there  Is  no  direct  data  on  the  conditions 
of  temperature  and  pressure  and  desired  long  life,  which  were 
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th»  roqofrom^nt'j-  for  O'jr  prffUtut  ficrstor  t'.n‘iirjn> 

T/fO  STAGE  HEATER 

Th®  second  concept  of  heater  design  fried  to  3i';rp/|/y 
tb»  proPleffl  by  separating  th®  heating  and  the  oxidation  resistant 
functions  of  the  heater.  Graphite  In  an  Inert  ataxjsphere  had  al¬ 
ready  bv.T  well  proven  as  an  excellent  iiwthod  for  heating.  At  the 
same  tlme^  an  examination  of  the  radiation  from  the  graphite  heat¬ 
er  at  these  very  high  temperatures,  .Indicated  that  this  in  Jt^elf 
might  be  an  excellent  heating  source.  A  concept  xas  therefore 
developed  of  using  graphite  in  an  inert  atmosphere  to  heat  by 
radiation  a  ceramic  tube  through  which  the  air  passed,  in  such 
a  system,  schematically  outlined  In  Figure  2,  there  would  te  px> 
contact  between  the  oxygen  and  the  graphite  and  r^ny  of  the  pro¬ 
blems  associated  with  specifying  heater  material  characteristics 
with  ceramic  could  be  eliminated.  The  ceramic  tube  would  be  re¬ 
quired  to  act  only  as  a  barrier  between  nitrogen  and  oxygen  in 
the  air  In  the  tube.  This  could  be  done  by  adjusting  t~e  prassure 
through  the  tube  and  the  Inert  at-iosphere  to  be  about  aquai. 

There  Is  no  difficulty  in  .—ntrolling  the  rate  of  heating  from 
the  graphite  heater  by  programing  the  electrical  imput,  so  that 
heat  shock  would  not  be  a  problem.  Although  tills  s^thod  holds 
considerable  promise,  the  detailed  design  revealed  that  there 
would  be  considerable  mechanical  complexity  in  sealing  and 
arranging  for  differences  in  expansion  coefficients,  pressure 
balancing,  etc. 
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DETAIIIO  FEAGIlilLirV  STUDIES 

In  thn  firif  approach/  that  of  coating  tha  yraphlf* 
»(‘>T#nt/  there  Is  a  conslderaole  body  of  Intor/natlon  already 
available  on  coating  matarlali  from  experlft^ntal  results  on 
rocket  nozzles.  A  study  ot  these  methods  and  tochniques 
yielded  three  materials  which  appeared  to  be  particularly  pro¬ 
mising/  txjron  nitride/  hafnium  carbide/  and  zirconium  carbide/ 
with  coating  techniques  which  were  either  of  the  spray  type  or 
diffusion  deposited.  The  boron  nitride  Is  machinable/  but  the 
carbides  are  quit?  difficult  to  machine  and  therefore/  for  the 
latter  two,  coating  of  the  completely  assembled  element  Is  re¬ 
quired. 

In  the  second  approach,  the  two  stage  heater  design, 
the  examination  of  the  problem  showed  some  problems  beyond  that 

of  the  multiple  seals,  etc.  All  of  the  ceramics  which  were  ew 

> 

anir.ad  for  use  In  the  present  study,  were,  to  scmc-'degree,  porous, 
this  resulted  In  the  possibility  that  some  of  the  air  and  It's 
attendant  oxygen,  might  contaminate  the  irert  gas  orcurd  the 
graphite  heater.  Such  a  phenanena  would  i-medlately  cause  ox¬ 
idation  and  distructlon  of  the  graphite  heater.  The  only  way 
to  solve  this  problem  was  to  require  that  the  pressure  of  the 
Inert  gas  be  slightly  above  that  of  The  air  in  the  ceramic  tube 
so  that  the  porosity  of  the  ceramic  would  result  In  a  small  leak¬ 
age  of  the  Inert  gas  Into  the  test  gas.  This  would  assure  that 
no  oxygen  came  In  contact  with  the  graphite  heater.  This  type 
of  control  had  tc  be  quite  sensitive  since  large  pressure  dif¬ 
ferences  between  the  Inert  gas  and  the  air  would  result  In 
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confld»rabl#  cnni^miiinftor}  of  tha  air  <(impla  with  tha  Inert  gas. 

The  usa  of  nitrogen  ae  an  Inert  gat  would  have  minimum  affects 
dua  to  contamination.  Tha  second  part  of  tha  study  was  the 
question  ot  trying  to  allmlnata  tha  gas  flow  system  In  the  out' 
or  radiation  heater  made  of  graphite.  It  appears  however,  that 
this  gas  flow  Is  necessary  to  keep  tha  temperature  of  the  outer 
heater  uniform.  It  has  bean  shown  by  other  Investigators,  tha'^ 
graphite  cylinders  used  as  resistance  heaters  for  high  current 
applications,  suffered  from  ’’channeling".  T.hls  appears  as  though 
the  high  current  prefers  a  path  down  one  side  of  the  cylinder, 
and  heating  was  not  uniform.  The  use  of  the  spiral  passages  In 
the  present  heater,  and  It’s  attendant  nitrogen  flow,  appears 
to  be  the  key  factor  In  uniformly  distributing  the  heat  around 
the  entire  graphite  cylinder. 

On  the  basis  of  these  feasibility  studies,  the  decision 
was  made  to  concentrate  on  the  coating  technique  as  the  method 
most  likely  to  give  a  practical  solution  In  a  reasonable  time 
scale*  As  a  result,  the  somewhat  more  ccmplicated  two  stage 
system  was  not  studied  further. 

COATING  PROGRAM  AND  RESULTS 

The  major  effort  on  materials  and  the  direct  application 
of  the  coatings  was  carried  out  primarily  by  High  Temperature  Mat¬ 
erials  of  Cambridge,  Mass.  Their  background,  experience,  and 
cooperation,  were  the  main  support  of  a  current  program  In  It's 
attempt  to  obtain  a  satisfactory  solution  to  the  oxidation  resis¬ 
tance  coated  graphite  problem. 
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Th«  flr'it  approach  wai  to  uoe  pyrofitic  boron 
depo^ltod  on  {yaphito.  Th*  hnatnr  nlonwots,  similar  In  overall 
dnsfgn  to  th»  previous  spiral  shell  type,  were  made  somewhat 
smaller  In  dimension  so  tnat  a  plating  thickness  of  afcout  ,07.0 
Inches  of  coron  nitride  could  oe  deposited  on  the  basic  graphite 
core.  The  shell  and  the  spindle  were  to  be  coatod  separately, 
and  then  finally  machined,  fitted  and  assembled.  Although  boron 
nitride  had  been  used  quite  widely  In  many  other  appiicattons, 
several  questions  as  to  It's  suitability  for  the  present  work 
had  to  be  investigated.  The  erosion  rate  at  high  pressures  were 
completely  unknown.  Data  was  available  only  at  a  few  atmospheres 
pressure  as  coeipared  to  the  I  COO  ib.  per  square  inch  and  higher 
as  desired  for  the  present  heater  design.  At  the  same  ti.me,  the 
interaction  of  boron  nitride  with  graphite  at  these  conditions 
was  unknown.  A  study  of  these  two  phenomenon  resulted  In  Infor¬ 
mation  that  a  chemical  reaction  takes  place  between  boron  nitride 
and  carbon  In  air,  in  which  oxides  of  boron  are  formed.  This  oxide 
Is  a  liquid  under  2CCCP  Centigrade  as  cc-i^ared  to  the  ccnsidarably 
higher  I iquiflcaticn  and  evaporation  points  of  the  graph«te  and 
the  boron  nitride.  As  a  result  of  this  study,  the  boron  nitride 
coating  program  was  dropped. 

The  second  approach  was  to  use  a  coating  of  hafnium 
carbide.  Considerably  more  was  known  of  the  hafnium  carbide  and 
it  exhibited  several  diaracteri sties  which  appeared  to  be  quite 
promising.  It  had  very  good  erosion  resistance  and  It  was  also 
electrically  conctictlve.  Tests  with  a  plasma  torch  at  atmospheric 
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pro^-iura  It'-i  anlllfy  to  withstand  qulfa  hl^h  tompopaturo^, 

and  It  wa»  pos5it}i9  to  apply  vary  thin  coatinga  oy  -iavoral  tochnlquas# 
DIffualon  coatings  aonmad  to  b»  particularly  good*  Tho  kay  unknown 
W35  tha  erosion  resistance/  but  several  claims  had  been  made  as  to 
It's  possible  application  In  this  area.  One  additional  difficulty 
was  the  problem  of  machining  this  material.  In  It's  final  form, 

It  Is  almost  unworkable  by  standard  machine  techniques.  As  a 
result/  the  possible  application  for  the  hafnium  carbide  had  to 
be  carried  out  with  the  heater  element  In  one  piece/  that  Is,  the 
spindle  and  shell  fully  assembled.  While  this  study  was  underway, 
a  suggestion  from  High  Temperature  Materials  that  a  mixed  zlrccnium 
carbide/  hafnium  carbide  coating,  would  probably  have  better  charac¬ 
teristics,  resulted  In  our  dropping  further  work  on  the  pure  hafnium 
carbide  coating. 

At  high  temperature,  stable  cxides  of  zirconium  and 
hafnium  are  formed  In  the  suggested  combination,  with  the  possibility 
of  being  able  to  reach  temperatures  of  the  order  of  27CCP  Centigrade. 
Tests  of  the  oxides  and  the  carbides  shewed  very  good  characteristics. 
The  oxides  are  Insulators,  but  the  carbides  are  conductors.  The 
key  problem  associated  with  this  approach  was  the  question  of  thermal 
expansion  of  the  coatings.  The  expansion  of  the  carbides  is  higher 
than  that  of  the  graphite  and  no  Information  was  available  as  to 
the  mechanical  strength  or  stability  of  coatings  with  these  signi¬ 
ficant  differences  In  the  thermal  expansions.  A  diffusion  coating 
process  was  chosen  and  a  basic  program  on  the  diffusion  coating  of 
this  mixed  carbide  on  three  different  types  of  graphite  was  under¬ 
taken.  The  graphites  used  were  ATJ,  ZTA  andODOS  (all  from  the 
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Nation'll  Carton  Company).  ATJ  wa*  on*  of  "h*  original  graeNlt^f 
used  In  th*  graph  It*  heater.  Thf*  material  has  som*  porosity 
but  mechanical  characteristics  which  appear  to  be  advantageous 
for  th(i  present  application.  ZTA  graphite,  which  Is  more  dens* 
than  th*  ATJ  graphite,  posed  the  question  as  to  whether  suffi¬ 
cient  txsndlng  of  th*  diffusion  coating  In  th*  graphite  would 
take  place.  TypeOOOS  graphite  f*ll  between  ATJ  and  ZTA  In  certain 
mechanical  characteristics.  Three  sets  of  spindtesand  shells 
(Figure  3)  w*r*  mad*  of  the  different  types  of  graphite  with  the 
design  modified  so  that  plating  of  about  .020  Inches  of  the 
zircon  I um-hafnium  carbide  combination  would  give  the  final 
dimensioiis  desired. 

Although  a  rather  considerable  effort  was  involved  in 
attempting  to  successfully  coat  these  elements.  It  was  found  that 
the  vapor  deposition  technique  could  not  be  made  to  work 'satis¬ 
factorily  on  the  configuration  desired.  Additional  study  also 
showed  that  the  oxidation  of  the  zIrconium-hafnIum  carbide  would 
not  stabilize,  and  that  as  time  went  on  at  the  elevated  temper¬ 
atures,  all  of  the  carbide  would  be  converted  and  the  graphite 
would  be  exposed  directly  to  the  hot  oxides,  a  condition  which 
would  result  In  direct  oxidation  of  the  graphite. 

CONCUUDINS  REfWRKS 

As  a  result  of  the  above  detailed  studies,  no  satis¬ 
factory  coating  for  the  graphite  resistant  element  was  founo^ 
and  at  the  moment,  there  are  no  materials  or  techniques  whi-ii 
appear  to  hold  promise  greater  than  those  which  were  used  In 
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tli0  original  progradi#  It  should  t;*  polotaij  out  howtivur,  Ihit 
no  poaltiv*  statcmaot  of  thia  -yort  rin  t>9  oupportnd  utcauui*  of 
th*  lack  of  direct  Information  on  th*  charactarlstlcj  of  rrsny 
of  th*s#  matarlals  undar  the  detired  conditions. 

The  carbides  looked  promising  and  perhaps  In  aoild 
form,  that  Is  without  th*  graph It*  core^  might  hav*  som*  pos¬ 
sibility  as  direct  heating  units.  Further  data I  lad  examination 
of  their  electrical  propertltias  with  tamperatura  are  required. 

The  small  geometrical  scale  of  the  present  heater  de¬ 
sign,  made  the  coatings  particularly  difficult  and  there  Is  some 
possibility  that  larger  scaled  tests  may  take  care  of  this  pir- 
ticular  difficulty  in  the  present  pro^am.  Kcwever,  ft  should 
be  pointed  out  that  the  basic  limitations,  although  influenced 
by  the  depositing  technique,  were  prlraarliy  the  chemical  re¬ 
actions  and  not  the  scale  of  the  study. 

In  tl»  light  of  the  failure  of  the  coating  program  to 
achieve  any  success,  any  future  work  should  probably  concsntrat.-? 
on  the  two  stags  design,  even  with  it*s  mechanical  ccmo  lexi 
Another  type  of  two  stage  heater  might  also  be  reasonable.  Jsing 
the  present  graphite  heater  to  heat  nitrogen,  oxygen  from  a 
separate  heater  at  a  lower  temperature,  night  be  mixed  to  recon¬ 
stitute  the  air  in  a  small  settling  chamber  ahead  of  the  nozzle. 
The  potential  of  this  system  results  in  a  somewhat  lower  temper¬ 
ature  than  the  straight  graphite-nitrogen  design  now  in  use  be¬ 
cause  of  the  limitation  in  heating  the  pure  oxygen.  |t  also 
suffers  from  the  requirement  that  pure  nitrogen  be  still  used  in 
the  major  part  of  the  heater,  and  the  simplicity  of  using  air 
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dJroctly  to  'jr/v»»  a  hyporzonfc  tonnol  l>  (oit.  7h<»  lyotom  will 
3 loo  (>9  ooffifjlox  I/WC3IJ-V  ot  thn  nocBOolty  (jf  mixin'j  fh'r  In 

tho  0.113  11  o«rttlln'}  ch,jmt«r  at  hhjh  proo'jur*?  and  tompar-iturO/  snd 
tha  nocooolty  tor  vary  careful  metering  devicae;  so  that  the  con¬ 
stitution  of  the  final  tost  gas  Is  known. 


R£FEP£!CtS 

1.  Shreeve,  R.P.;  Lord,  Boarson,  5»J.  and  Bogdonoff,  S.M.J 

A  Graphite  Resistance  Heater  for  s  Hypersonic  Wind  Tunnel 
Using  Mltrcgen. 

PUAEO  560,  AFCSR  1028,  June  1961. 

2.  Shreeve,  R.P.;  Lord,  Vf.T.;  Boersen,  5.J.  and  Bogdonotf/  S.M.: 

A  Graphite  Resistance  Heater  for  a  Hypersonic  Wind  Tunnel 
Using  Nitrogen:  Part  I-  Description  of  Tunnel  and  Heater. 

Int.  J.Haat  Mass  Trans,  Vol.  5,  pp.  IC8I-I093,  Pergaaion  Press, 
1962. 

3.  Shreeve,  R.P.;  Lord,  W.T.;  Boersen,  S.J.  and  Bogdonotf,  S.M.: 

A  Graphite  Resistance  Heater  for  a  Hypersonic  Wind  Tunnel 
Using  Nitrogen:  Part  II-  Analysis  of  Heater  Performance,  Vol.  5, 
pp.  IC95-IIOA,  Perganon  Press,  1962. 

4.  Shreeve,  R.P.  and  Bogdonotf,  S.M.:  A  Graphite  Heated  Nitrogen 
Wind  Tunnel  for  Continuous  Cperation  at  Mae  Mumoers  up  to  20. 
Presented  at  III  Symp.  on  Hypervolocity  Techniques,  Denver, 

March  1961. 


U 


Fipure  2,  Sketch  of  Cavamic  Heater  with  Graphite 
Hudiation  Heater 
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Figure  3,  PhotOi];raph  of  Spindle  and  Shell  for 
Cooling  Puk'pouee 


